The During the 1960s and 1970s the great importance of massive sulfide deposits in volcanic rocks finally came to be realized. Commonly referred to as VMSDs; for volcanogenic massive sulfide deposits, they were, during two decades of increasingly intensive research, found to range in age from the Archean to the present and to be encased in volcanic rocks that almost always displayed some evidence of submarine extrusion. Exploration geologists reclassified many previously known deposits as members of the class, and then, using successful combinations of geological, geophysical, and geochemical tools, discovered large numbers of new ones. By 1983, more than a thousand volcanogenic massive sulfide deposits have been recognized . They are now major suppliers of Cu, Ph, Zn, Ag, and Au around the world and rank second only to porphyry coppers in economic importance among nonferrous metallic mineral deposits (Rose et al., 1977) .
Despite the obvious importance of volcanogenic massive sulfide deposits, an unusually large number of questions concerning their origins and formative processes remain. Unresolved questions led, during 1976, to the idea of a multidisciplinary, cooperative research project on these deposits. The idea arose during discussions between Japanese and U. S. scientists and, appropriately, the specific deposits suggested for attention, the Kuroko, have been the longest studied type of volcanogenic massive sulfide deposits and the first ones recognized as being of submarine, exhalative origin (Ohashi, 1920 . 0361-01 28/ 83/ 227/ 1-8$2.50 1 orating research scientists. The results of the collaborative efforts are the papers that appear in this volume.
From the outset it was recognized that answers to fundamental questions, such as why volcanogenic massive sulfide deposits are distributed irregularly and formed after a particular phase of submarine volcanism, could only come from a thorough investigation of the geological, geochemical, and hydrological factors that localized the ores.
The old problem of where volcanogenic massive sulfide deposits actually formed was settled by the time the project started . Almost everyone accepted the evidence that they formed on the sea floor, that the massive bodies are largely syngenetic in origin, and that the stockwork bodies which often underlie the massive units are epigenetic (Fig. 1) . But many other questions were completely unresolved . For example, how was the sulfide mass accumulated and preserved on the sea floor? Was the sea bottom locally euxinic? How were the ore fluids generated? How big were the ore-forming circulation systems? How long did they last?
The investigators recognized that in all likelihood none of the questions could be answered unambiguously from studies of a solitary orebody or from isolated geological, geochemical, field, experimental, or theoretical studies. The most effective approach, they decided, would be to select a major mining district and to determine systematically the major differences in all aspects of geologic history between mineralized and barren areas on both regional and local scales, and to study the mineralized environment using all possible skills and techniques.
· The selection of the Hokuroku district in Japan as the main focus of the cooperative research project was straightforward. The district is approximately 40 X 50 km in area and is host to many Kuroko deposits. But more importantly, it was in the Hokuroku deposits, from studies carried out by Japanese geologists during the last several decades, that much of the groundwork had been laid for our understanding of volcanogenic massive sulfide deposits. "Kuroko"literally means black ore in Japanese and refers, sensu stricto, to a massive sulfide ore consisting mostly of sphalerite and galena. "Kuroko" is, howeve r, frequently used in a looser·and H. OHMOTO AND B.] . SKINNER
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Fie. 1. Schematic cross section of a typical Kuroko deposit (modified aft er Sato, 1974) . ' broader sense (or Miocene-aged d eposits that contain not only massive black ore but also one or more additional ore types, such as oko-yellow-colored, chalcopyrite-rich ore, keiko-siliceous, quartz-and pyriterich ore in the stockwork body that usually underlies massive ore, tetsusekiei-iron-quartz which is a cherthematite layer, and sekkoko-gypsum-an hydrite ore ( Fig. 1) . Details of the research teams' approach to the problems of the Kuroko d eposits and some of the results of investigations carried out -during the preparatory stages of the research p roject were presented in a speci~l issue of Mining Geology (v. 28, no. 150, 1978; Papers Devo' ted to the japan-U.S. Kuroko Research Project) . Papers in the present monograph deal, therefore, with the results of subsequent investigations on the Kuroko d eposits.
By a fortunate coincidence, the discovery of active hydrothermal vents depositing submarine sulfide bodies along the East Pacific Rise, the so-called blacksmokers (Francheteau et al., 1979) , coincided with the beginning phases of the Cooperative Research Project. rhrough the collaboration of H. D . Holland and his co-workers, a second focus-active, submarine hydrothermal systems-was therefore added to the program. While it is recognized that the sulfide deposits discovered on the East Pacific Rise. are not in the same . tectonic setting as the Kuroko and most of the other known types of volcanogenic massive sulfide deposits in the geologic record (Uyeda and Nishiwaki, 1979, 1980) , the. hydrothermal processes that can be studied there should throw a great d eal of light on the formation processes of such deposits in all tectonic settings. This second phase of the project was further enlarged by the addition of mineralogical and geochemical studies of another site of active sea-floor mineral deposition-the Atlantis II D eep in the Red Sea. The work was carried out by H. L. Barnes and his co-workers and. was separately funded, but it m eshes very nicely with the rest of the program.
A third focus was added to the program in order to compare the Kuroko with volcanogenic massive sulfide deposits of older ages. For this purpose the Mesozoic-aged Besshi deposits in Japan and some of the Archean d eposits in the Abitibi belt of Canada were investigated by project m embers. Additionally, because so many of these volcanogenic d eposits are associated with pyroclastic rocks, C. ·w. Burnham, who has been studying the process of d eep submarine pyroclastic eruptions, was invited to join as a collaborator.
Most papers in this issue address more than one aspect of the genesis of volcanogenic massive sulfide deposits, so it is difficult to categorize the nature of· each paper. For the convenience of the reader, however , the papers have been grouped on the basis of the main t ype of research: (1) geological, paleontological, and tectonic studies; (2) petrological studies of ig neous rocks; (3) structural studies of Kuroko deposits; (4) mineralogical studies of ore; (5) isotopic and trace element studies of sulfates; (6) studies on alteration halos and hydrology; and (7) studies on compositions and sources of ore-forming fluids. Readers will notice that the same question has sometimes elicited different conclusions by different investigators; on some aspects of genesis-for example, the origin of the ore-forming fluids and the plate tectonic setting of Kuroko d eposits-there are quite disparate opinions. Diverse interpretations of the same set of data by different members of the project, however, should not be interpreted as a failure of the project. Throughout the course of the work investigators were aware that even the cooperative efforts of 40 scientists for a period of four years would not be sufficient to settle all of the questions raised at the beginning of the project. Where evidence was ambiguous or conflicting, the objective w as always to present scientifically sound alternative answers so that future investigators, with new information at their disposal, would not be misled. Rather than attempting to reach a consensus the d evelopment of diverse interpretations was encouraged .
We believe that many significant, new, and important concepts concerning environments and processes of formation of volcanogenic massive sulfide d eposits have .been d eveloped during the course of the project. Most of the concepts, if they· prove to be correct, will force changes in exploration strategies that were based on earlier concepts. In what follows we have attempted to highlight the new concepts by contrasting them to the previously accepted theories as summarized in other recent review papers on these deposits (e.g., Ishihara, ed., 1974; Franklin et al., 1981) .
Geologic Setting of Kuroko D eposits
In the Hokuroku and other districts in Japan, Kuroko deposits occur in concentrated clusters, each cluster having an areal extent of about 1.5 X 3 km and being separated from each other by 5 to 10 km.
Age of m ineralization
Traditionally, the Kuroko ores in Japan were believed to lie on a single stratigraphic horizon having an age of about 13 m.y. F rom recent radiometric ages of igneous rocks, from occurrences of age-definitive fossils, and from stratigraphic correlations in the Hokuroku district, Tanimura ·et al.
2 now suggest that even though the orebodies within an ore cluster are contemporaneous, the clusters themselves are not contemporaneous. Some clusters formed about 16 m.y. ago, some about 13 m.y., and some are as young as 11 m.y. Deposits in other districts may also have formed at times much d ifferent from 13 m .y.
Paleogeomorphology and paleostructure of the Hokuroku district
Traditional thinking has been that all Kuroko deposits formed in shallow marine basins at depths less than 500 m. Based on a preliminary study of the benthic foraminifera from the Matsuki mine, the shallow water concept was challenged by Guber and Ohmoto in 1978 . Following a more detailed study of foraminifera occurrences, Guber and Merrill now interpret the entire Hokuroku district to have been at a seawater depth of 3,500 ± 500 m during Kuroko formation. Support for this conclusion comes from the lack of evidence of boiling in fluid inclusions even though filling temperatu res as high as 350° are observed-to explain this observation, Pisutha-Arnond and Ohmoto calculated that the host minerals were formed at seawate r depths in excess of 2,000 0). Ohmoto also concluded that the distribution of Miocene-aged sediments placed the nearest land mass to the ore deposition site about 50 to 70 km east of the Hokuroku district in the Kitakami Massif province.
One of the lines of evidence that led previous investigators to interpret a shallow environment for Kuroko deposits was the presence of abundant vesicules in basalt flows and the explosive, fragmental character of ~he associated felsic volcanism . Based on the solubility dat'a of H 2 0 in silicate melts, Dudas has now concluded that vesicular basalts can fo rm at sea-water depths of 4,000 m, and Burnham has de monstrated that explosive pyroclastic eruptions are entirely possible at the same depth. Sulfide mineralization at 21° N on the East Pacific Rise (Goldfarb et al.) and in the Red Sea (Pottorf and Barnes) is occurring today at depths greater than 2,500 m . Taking into consideration the temperature control on the solubility of Cu sulfides (Ohmoto et al.) and the discharge of high-te mperature fluids into seawater without any evidence of boiling, Ohmoto and Takahashi now suggest that a deep-sea environment of 1,000 m or more is one of the essential conditions for the formation of Cu-rich massive sulfide deposits.
The lithology, age, and distribution of various stratigraphic units, together with the paleontological evidence they contain, have led Tanimura et al. and Guber and Green to conclude that subsidence of the Hokuroku district from a near-shore environment to a deep-sea environment occurred as a result of tensional stresses and happened in less than two million years, starting about 17 m.y. ago. The region remained a deep sea until about 5 m .y. ago and was then uplifted again to a near-shore environment, as a result of compressional stresses. T he uplift also took less than two million years. Project members fu rther suggest that the modes of subsidence and uplift were ~ontrolled by basement fractures, so that blocks of crust, from one to several kilometers across, were raised or sunk at d ifferent rates, creating submarine highs and lows of various scales that were bounded by high-angle faults. Ohmoto and Takahashi have emphasized the · importance of basement fractures and sea-floor topography in controlling the location and style of the volcanism, which in turn deter mined the sites of mineralization. It is highly probable, but not proven, that the existence of basement fractures and irregular sea-floor topography is an essential condition for the formation of Kuroko deposits.
Relationships between igneous activity and Kuroko mineralization
According to Tanim ura et al. , the type of igneous activity in the Hokuroku district changed with time, starting with andesitic volcanism about 20 to 30 m.y. ago, changing to bimodal activity-rhyolitic and basaltic-during the period between 17 and 5 m.y ., and then moving back again to andesitic. Petrochemical characteristics of these igneous rocks are presented in Ohmoto and Takahashi, Dudas et al., and Date et al. Kuroko mineralization occurred during the bimodal volcanism.
Previously, all Miocene felsic igneous rocks in the Hokuroku district were assumed to have been derived from a single large magma body. Through exami-nation of the distribution of igneous and sedimentary rocks that predate, are contemporaneous with, or postdate mineralization, Ohmoto and Takahashi, and Guber and Green have deduced the existence of several centers of felsic igneous activity. The centers are 5 to 10 km apart and are aligned subparallel to the basement fracture systems suggested by Scott (1978) . Ohmoto and Takahashi suggest that each volcanic center was active at a different time but had a similar history: first, development of calderas; second, Kuroko mineralization in the caldera depressions; and finally , resurgent cauldron activity. These conclusions support the hypothesis proposed by regarding the important role of submarine calderas in Kuroko genesis. The most important role of caldera formation is suggested to be the creation of sea-floor depressions that were underlain by highly fractured rocks. From hydrological analyses, these depressions have now been shown to be the foci of discharging hydrothermal fluids.
Plate tectonic models
The Kuroko-bearing area of Japan is situated in a geologic province called the Green Tuff region. This was previously considered to be a 1,500-km-long, 100-km-wide belt forming the inner zone of the Japanese island arcs and Green Tuff volcanic activity was interpreted to be related to subduction of the Pacific plate between about 25 and 2 m .y. ago. F rom a review of the geology, geophysics, and paleontology of the Japan Sea and Japanese islands, Ohmoto has now concluded that Green Tuff volcanic activity spanned the period from about 60 m.y. ago to the present, that it covered the entire region of the Japan Sea and surrounding areas, and that it represents the igneous and tectonic activity resulting from the migration of Japan away from the Asian mainland as the Japan Sea opened. It is now suggested that Green Tuff activity started as a result of steepening of the angle of the subduction of the Pacific plate, because the change created tensional forces that produced a backarc spreading center between 65 and 30 m.y. ago in the area currently occupied by the Japan basin. This was followed by a second spreading center in the Yamoto basin province from 25 to 5 m .y. ago. It is also suggested that igneous activity during Miocene time in the inner Japan zone occurred on the flanks of the spreading Yamato basin and that formation of the Kuroko deposits was not a process uniquely restricted to the Kuroko province, nor to the period around 13 m.y. ago. In contrast, Cathles et a!. have postulated a failed rift mechanism, in which they propose that a third back-arc spreading center formed under the Kuroko province during Miocene time but that it ceased activity and ,became a failed rift before Japan split away from the mainland of Asia. This suggestion, if correct, leads to the conclusion that all volcanogenic massive sulfide deposits were formed on spreading centers, whereas the Ohmoto suggestion leads to the conclusion that they can be formed under a variety of plate tectonic settings.
Physical and Chemical Processes of Mineralization
Currently the most widely accepted model for the growth of a Kuroko-type massive sulfide orebody is one in which precipitation of sulfide minerals on the sea floor occurs from plumes of hydrothermal fluids with minerals accumulating in the following order, from bottom to top; pyrite-rich ore, Cu-rich yellow ore, and Pb-Zn-rich black ore. The model is now believed by the members of the· project to be too simplistic. For example, Kuroda concludes from observations of ore-host rock relationships that large parts of the massive ores ,in the Furutobe and Matsuki mines were formed within unconsolidated sediments. Other important observations and interpretations include the following. .
Clastic textures and deformation of Kuroko ores
One of the most common features of the massive ores, .which is reported by Kuroda, Hashiguchi, Yui and Ishitobe, and Eldridge et a!., is the presence of clastic textures (see Frontispiece) on all scales from the microscopic to that of an orebody. The textures indicate movement, brecciation, mechanical transportation, and red eposition of mineral grains and ore fragments during and after accumulation of ore piles. Although such clastic textures were previously recognized , the extent of the textures was not. The project has now demonstrated that most, if not all, Kuroko-type massive sulfide deposits exhibit clastic textures.
Accumulation of ore in submarine depressions
Many, but not all, -Kuroko ores are known to be closely associated with white rhyolite domes (Fig. 1) . It was previously believed that mineralization occurred after the · doming, and also after extr usion of white rhyolite onto the sea floor or near the crests of the domes (i.e., mineralization occurred on submarine highs). Through a detailed structural analysis of the Kosaka de posits, Hashiguchi, a geologist of the Dowa Mining Company, has now concluded tha t the ores acc umulated originally in submarine depressions, and that the extrusion of white rhyolite domes onto the sea floor occurred during and after mineralization . The doming was a major cause of the deformation and clastic textures of the ores but not of the initial deposition. Although not always apparent in the papers . in this monograph, many geologists of other mining companies in Japan now accept Hashiguchi's interpretation.
Paragenesis, zoning, and growth mechanisms
Through a systematic investigation of ore textures using the doubly polished thin section technique of Barton (1978) , Eldridge et al. have concluded that the massive sulfidl( ores grew through two different processes. The first process involved precipitation of a fine-grained or primitive ore which contains mostly sphalerite, galena, pyrite, and barite, the classic black ore assemblage. Precipitation apparently occurred as a result of rapid mixing of hydrothermal fluids with cold seawater. The second process involved the continuous interaction of the primitive, black ore minerals with later fluids, leading to a succession of metasomatic transformations. First, the primitive ore re-.crystallized to a coarse-grained black ore, then it was altered to a chalcopyrite-rich yellow ore, and finally to a pyrite-rich ore. In the Eldridge et al. model, most of the chalcopyrite-rich yellow ore formed after most of the black ore. From a study of the paragenesis of minerals in the siliceous stockwork bodies that underlie the massive ores, Pisutha-Arnond and Ohmoto arrived at the same conclusion: chalcopyrite formed after most of the sphalerite, galena, and pyrite. From a textural and mineralogical study of chimney samples from the East Pacific Rise at 21° N, Goldfarb et al. reached the conclusion that the chimneys also grew by the same two processes: namely, formation of minerals by rapid mixing of hydrothermal IIuids and cold seawater, followed by continuous conversion of the earlier minerals by later hydrothermal fluids. The 21° N samples had a slightly different sequence of reactions, but the process was the same.
Chemical processes during mixing of mineralizing fluids and seawater and during interactions of ore minerals with earlier minerals were evaluated by Ohmoto et al. Their conclusions agree reasonably well with those of Eldridge et al. Ohmoto et a!. demonstrated agreement between observed and theoretically predicted mineral ratios in the massive ores. The key to development of mineral zoning within an orebody, they concluded, was that the ore-forming fluids were initially undersaturated with r~spect to all ore minerals except pyrite and quartz. Rapid cooling and mixing led to disequilibrium precipitation of black ore, then the black ore was sequentially altered by increasingly hotter solution's. ·
Temperatures of sulfide mineralization
Previous investigators assumed nearly constant temperatures of around 250° for the formation of most minerals in the Kuroko deposits. The fluid inclusion studies by Pisutha-Arnond and Ohmoto have now indicated that most sulfide and sulfate minerals in the Kuroko deposits formed through a temperature range of 150° to 350°C during the waxing stage of thermally intensifying hydrothermal systems. Most black ore minerals formed at te mperatures below 300°C, whereas most chalcopyrite and quartz formed at temperatures above 300°C. A similar temperature range for Kuroko mineralization was derived by Bryndzia et al. Goldfarb et al. also reported that sulfide deposition at 21° N on the East Pacific Rise occurred during an intensifying thermal event, and that a relationship exists between temperature and the dominant sulfide mineralogy that is essentially identical to that· suggested by Pisutha-Arnond and Ohmoto for Kuroko deposits.
Contrary to a previous idea that the sulfides of the Red Sea deposits were deposited at temperatures below 150°C, the study by Pottorf a11d Barnes has now indicate~ formation temperatures of 200° to 350°C, which are essentially identical to those observed for the Kuroko and 21° N deposits. F rom a comparison of temperatures of sulfide mineralization in the metalliferous sediments with those in veins crosscutting the sediments, an increase of temperature of the hydrothermal system with time is also suggested for the Red Sea deposits. These results are all the more surprising because of long-held beliefs that hydrothermal ores tend to form during the waning phases of hydrothermal systems.
Mechanisms of format ion of sulfates
Based on isotopic analyses of sulfur and oxygen in the barite and anhydrite associated with the Kuroko deposits, Watanabe and Sakai, and Kusakabe and Chiba have concluded that S04 2 in the mineralizing fluids Wl}S largely of seawater origin. Kusakabe and Chiba further suggest that the Kuroko anhydrites precipitated as a result of less than 20 percent mixing of the mineralizing fluids with cold seawater at temperatures around 200°C. From a strontium isotope study, Farrell eta!. concluded that the anhydrite bodies which flank the massive ores (Fig. 1) were formed by shallow subsurface mixing of seawater-derived hydrothermal fluids with cold seawater. The same suggestion was made 'by Shikazono et a!. from experimentally determined partition coefficients of Sr between anhydrite and solutions and application of the coefficients to the Sr contents of anhydrite associated with the Kuroko deposits.
Hydrological Characteristics of the Hydrothermal Systems and the Origin of the Mineralizing Fluids Thermal history
From an oxygen isotope study, Tsutsumi and Ohmoto deduced that the tetsusekiei beds which overlie the massive Kuroko ores were formed at about 100°C, during the waning stage of an ore-forming episode that had reached temperatures as high as 350°C during sulfide mineralization. Post-tetsusekiei hydrothermal activity sometimes reached temperatures as high as 250°C, a conclusion reached by Kalogeropoulos and Scott from fluid inclusion evidence in some tetsusekiei samples, by Green et al. from an observation of the existence of an alteration zone several hundred m eters above the Kuroko horizon, and by Pisutha-Arnond and Ohmoto from a study of fluid inclusions in post-Kuroko veins. Green et al., PisuthaArnond and Ohmoto, and Ohmoto et al. concluded from these data that sites of Kuroko mineralization 1 were discharge points of repeated cycles of intermittent hydrothermal activity over a period of several million years. Each cycle started at te mperatures below 100°C, reached temperatures above 250°C, and declined to below 100°C again. They suggest that Kuroko mineralization occurred, in most cases, during the first cycle of hydrothermal activity. From the relationships among the rate of mudstone sedimentation, the 8 
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Several alteration assemblages are associated with Kuroko deposits and each forms a halo of varying extent around the orebodies. The various types of alteration and their areal extents are discussed in papers by Urabe et al., Date et al., Hashiguchi et al., Green et al., Kalogeropoulos and Scott, Bryndzia et al., Pisutha-Arnond and Ohmoto, and O hmoto eta!. The types of alteration halos recognized in the footwall rocks below the Kuroko and certain of the Canadian deposits are very consistent and include alteration mineral assemblages that proceed from the outside toward the ore in the order zeolite-bearing to montmorillonite-bearing and sericitechlorite assemblages. Major element chemistry reveals decreasing contents of Na and Ca toward the ore zones, accompanied by increasing contents of K and Mg and an increasing alteratj?n index, as defined by 100 X (K 2 0 + Mg0)/(K 2 0 + Na 2 0 + CaO + MgO). Trace element contents also vary, with decreasing contents of Sr and Cl and increasing contents of S toward the ore while whole-rock Fe+ 2 / Fe+ 3 ratios and magnetic susceptibilities both decrease toward the ore zones.
Other systematic changes include the Fe/Fe + Mg ratio in chlorites which decrease toward the centers of mineralization, the 8 34 S values of sulfides in mudstones which increase toward the ore zones, and the distribution of tetsusekiei mineralization. Some of the alteration halos-for example, the sulfur, oxygen, strontium, and lead isotope halos-extend more than 3 km from the ore zone, which makes them potentially useful during the reconnaisance stage of exploration, whereas some halos-for example, the Na and Sr contents-are confined to within 500 m of the ore zones, which makes them most helpful during the mining and development stages of an orebody.
The alteration mineralogy around all volcanogenic massive sulfide deposits is interpreted by Urabe et al. and Bryndzia et al. to be a product of essentially contemporaneous processes that occurred duri ng the lateral migration of hydrothermal fluids outward from the center of discharge and to arise from a decreasing temperature and increasing pH away from the center of discharge. In contrast, Pisutha-Arnond and O hmoto conclude that the alteration zones are analogous to the ore mineral zones and are a product of intensifying hydrothermal activity in which a low-temperature assemblage was successively transformed to hig he r te mperature assemblages. · Green et al. and O hmoto et al. concluded that the observed zoning of alteration mineralogy, of 8 18 0 values, .and of major and trace elements is a record of interaction between seawater and hot volcanic rocks during several cycles of hydrothermal activity over several million years. The total mass of H 2 0 discharged through the ore zone, they conclude, was more than 10 times the mass of altered rock. By contrast, Cathles concl uded that the observed 8 18 0 halo and the distribution of Si0 2 and CaS0 4 around the Kuroko deposits could be explained by interactions between seawater and volcanic rocks during a single phase of hydrothermal activity that lasted less than 5,000 years. The isotopic and major element composition of primary fluid inclusions, determined by Pisutha-Arnond and Ohmoto, differ significantly from the values of normal seawater: for example, oD = -15 to +6 per mil and () 18 0 = -8 to +4 per mil. The inclusions also contain higher contents of Na, K, Ca, Cl, and C0 2 bu~ lower contents of Mg. From a comparison of these compositions with those of pore fluids recovered during the Deep Sea Drilling Project, and from simple mass balance calculations, Pisutha-Arnond and Ohmoto conclude that the observed isotopic and chemical compositions of the Kuroko ore-fluids can readily have arisen as the result of continuous interactions between volcanic rocks and seawater-derived pore fluids during the diagenetic through hyd rothermal stages of a thermally intensifying hydrothermal system-no magmatic fluid component is necessary. On the basis of an experimental study of cation exchange reactions between fluids and rocks, and of the application of the experimental data to modern geothermal waters in the Green Tuff region, Mizukami and Ohmoto demonstrate that the major element chemistry of seawater is readily altered even at a temperature of 25°C in a tuff-rich environment, and is controlled by cation exchange reactions with smectite, with feldspars and solutions, and by the solubility of gypsum-anhydrite and calcite. The key to the model proposed by Pisutha-Arnond and Ohmoto, Mizukami and Ohmoto, and Ohmoto et al. is that the fluid-rock system is always rock dominated , so that the chemical and isotopic compositions of the fluids are controlled by those of the fresh rock and those of the minerals formed during diagenesis.
Sources of H 2 0 and major elem ents in the mineralizing fluids
Composition ana sources of sulfur in the mineralizing fluids
Most previous models of sulfur chemistry of the Kuroko ore-fluids assumed a total sulfur content of about w-z molar and the attainment of equilibrium between all sulfur species in the fluids and the ore minerals. Disequilibrium relationships between S04 2 and H 2 S and be.tween minerals during precipitation of ore minerals is, however, reported by Goldfarb et al., Pottorf and Barnes, and Ohmoto et al. Ohmoto et al. show f1, 1rther that the sulfur and metal chemistry of the Kuroko fluids before mixing with cold seawater or before interaction with previously formed minerals in the ores, can be readily estimated by accepting the assumption that the fluids were saturated with respect to pyrite and quartz but were undersaturated in other ore minerals. Their calculations indicate a continuous increase in the H 2 S content from about 10- S values of sulfide minerals, Ohmoto et al. suggest that the H 2 S in the fluids was deri ved from two sources: (1) partial reduction of seawater SO;j 2 , which was fixed in the rocks as gypsum-anhydrite during diagenetic and early hydrothermal stages by Fe+ 2 and C in the rock, and (2) dissolution of pyrite in the country rock.
Compositions arid sources of heavy metals in the ore-forming fluids
Most previous models have assumed concentrations of 10 ppm or more for Ph, Zn, Fe, and Cu in the ore fluids. Concentrations of heavy metals in the Kuroko ore fluids, estimated from fluid inclusion analyses by Pisutha-Arnond and Ohmoto and from solubility calculations by Ohmoto et al., however, indicate a concentration range of 1 to 10 ppm for each Zn, Ph, Fe, and Ba and of 0.1 to 1 ppm for C u.
From a lead isotope study of ore and country rocks in the Hokuroku district, Fehn et al. have concluded that the lead in the Kuroko ore fluids was derived from the volcanics and the underlying sedimentary rocks, whereas Ohmoto et al. arrived at the same conclusion from a comparison of heavy metal contents in the sericite-chlorite alteration zone with those in the lower grade alteration zones.
Size of a mineralizing system
Fehn et al. concluded that individual deposits in an ore cluster were formed from different hydrothermal systems. Considering the thermal history, the probable metal contents of the ore-forming fluids, the metal contents of the ores, the likely depositional mechanics, the material balances of Zn, Ba, Fe, S, Mg, Ca and oxygen isotopes, and the heat balance, Ohmoto et al. have calculated that an average cluster of Kuroko 'deposits containing between 3 and 20 million tons of sulfide ore in an area 1.5 X 3 km could be produced by a l0-km 3 -sized intrusion with metals acquired from 20 to 40 km 3 of country rock. From a consideration of thermal and hydrological factors, a similar sized system was also estimated by Cathles.
Causes of the Variations in, Size, Mineralogy, and Metal Ratios of Volcanogenic Massive Sulfide Deposits
Massive ores in volcanogenic massive sulfide deposits are characterized by extre mely low ratios of Si0 2 / BaS0 4 (~1) and Au/ Ag (about 0.01) . From a comparison of the geochemical parameters that control the solubility and precipitation of quartz, barite, native gold, silver sulfides, and sulfosalts, Ohmoto et al. have explained such mineralogical characteristics as being a consequence of rapid mixing of hydrothermal fluids with oxygenated cold seawater.
